Microfluidic devices can form double emulsions with uniform properties, but require cumbersome fabrication steps to pattern their wettability. We demonstrate spatially-controlled plasma oxidation to create wettability patterns for forming double emulsions. Our method performs comparably to chemical techniques but is simpler, more reliable, and scalable to patterning large arrays of drop makers.
Double emulsions consist of a liquid core encapsulated within an immiscible shell, dispersed in a carrier fluid. [1] [2] [3] [4] The core-shell structure of these emulsions make them valuable for applications ranging from encapsulating chemicals to acting as structural templates for particles and capsules in the food, cosmetic, and pharmaceutical industries. [4] [5] [6] [7] [8] [9] Microfluidic devices are particularly effective for forming double emulsions because they afford unmatched control over droplet dimensions while also enabling efficient encapsulation of active compounds. 6, [10] [11] [12] [13] [14] [15] [16] However, the devices can be difficult to fabricate, requiring careful control of device wettability to enable encapsulation of the hydrophilic and hydrophobic phases. 11, 15, [18] [19] [20] At the size scales of microfluidic channels, wettability is crucially important for dictating the type of emulsion formed. Hydrophilic channels, for instance, form "direct" emulsions consisting of oil droplets dispersed in water (OW), while hydrophobic channels form "inverted" emulsions of water droplets in oil (WO). 21, 22 Because double emulsions comprise droplets of both types, wettability must be carefully controlled. Coaxial flow focusing reduces the importance of channel wettability by preventing the dispersed phases from touching the channel walls using sheath flow; this enables formation of either type of emulsion irrespective of channel wettability. 16, 23, 24 The high flow rate of sheath required, however, is wasteful of carrier phase, making the process inefficient. Double emulsification methods based on "confined" droplet generation, such as sequential T-junctions or flow-focusing, are more efficient but require spatially-patterned wettability. 11, 12, 15, 18, 19, 25 This enables direct emulsification in a hydrophilic region and inverted emulsification in a hydrophobic region, to form either water-in-oil-in-water (WOW) or oil-in-water-in-oil (OWO) double emulsions.
A challenge of implementing these techniques, however, is that patterning channel wettability requires cumbersome fabrication steps. Most methods, for example, require that devices be filled with liquid chemicals to treat certain regions but not others, such as UVinitiated polymer grafting, polyelectrolyte layering, or corona discharge with a blocking phase. 18, 19, [25] [26] [27] Methods using plasma formed inside sealed devices are promising in that the plasma can be controlled and guided by inserted or patterned electrodes. [28] [29] [30] [31] While these methods are effective for wettability patterning, the need to carefully introduce fluids into the device is tedious, labour intensive, and prone to failure. Moreover, each device must be patterned individually, making simultaneous patterning of droplet makers challenging, as needed for scale-up. 32, 33 To enable simple, reliable, and scalable wettability patterning, an optimal method would utilize a uniform treatment that did not require the introduction of liquids into the device.
In this paper, we demonstrate a simple, reliable, and scalable method for patterning microfluidic device wettability. When exposed to oxygen plasma, hydrophobic polymer channels can be made hydrophilic, [34] [35] [36] the channels closest to the inlet ports becoming hydrophilic more quickly than ones deeper inside since ionized oxygen species can diffuse more readily into these regions. By integrating diffusion barriers in the form of narrow channels at strategic locations and controlling plasma oxidation time, we can select which regions become hydrophilic and which remain hydrophobic, thereby generating a desired wettability pattern. This novel surface modification technique enables fabrication of devices for forming monodisperse WOW or OWO double emulsions. Moreover, since the obtained pattern is dictated by the channel geometry and plasma oxidation time, both of which can be controlled precisely, the method yields a reliable pattern in every device exposed to the plasma. This enables easy, accurate, and reliable patterning of large numbers of microfluidic devices. Oxygen species generated by the plasma diffuse into the open inlets, treating the channels near them to make them hydrophilic while leaving blocked channels hydrophobic. In this way, we are able to guide the plasma oxidation to achieve a desired wettability pattern.
Materials and Methods

Device fabrication and patterning
The devices are fabricated in PDMS using soft lithography. 37 SU-8 masters are fabricated using photolithography and used to mould PDMS devices. Holes are punched at inlet and outlet ports using a 0.75-mm biopsy punch (Harris, Uni-Core 0.75) and the channel side of the PDMS slab is cleaned with scotch tape to remove residual particles. The PDMS devices are bonded to flat PDMS substrates by treating with oxygen plasma for 60 s at 1 mbar of pressure in a plasma cleaner (Harrick Plasma, PDC-001). The bonded device is baked at 65°C for 48 hours to completely revert the wettability back to its native hydrophobicity. 38 To wettability pattern the device, select inlet ports are blocked with scotch tape, leaving the ports near the regions to be treated open to oxygen plasma treatment at 1 mbar of pressure for 0.5 to 3 minutes, depending on the layout and desired pattern. The wettability pattern is stable for a few hours at room temperature when the channels are exposed to air, but is slowly lost as the PDMS reverts back to its native hydrophobic state. The pattern can be maintained for longer durations by storing the devices filled with water or implementing solvent-extraction techniques. 34, 35, 39, 40 They can also be treated repeatedly to regain a reverted pattern.
Surface characterization
Two visualization methods are used to visualize wettability patterns inside microchannels after plasma treatment: (a) adsorption test with dye-labeled proteins and (b) breath vapor condensation test. To enable access to the inner surfaces of the devices, the PDMS-to-PDMS bonding step ( Fig. 1 , Steps 1 and 2) is omitted and the two slabs is attached via unbonded adhesion. After plasma wettability patterning ( Fig. 1 , Steps 3 and 4), the slabs are disassembled and the bottom flat substrate is subjected to the visualization tests. For the adsorption test, the surface is stained with 0.1 mg/mL Alexa 647-labeled bovine serum albumin (Life Technologies, A34785) in PBS 7.2 for 10 s, washed with water, cleaned with scotch tape, and imaged with a fluorescence microscope (Life Technologies, EVOS FL Auto) using a filter set for Cy5. For the breath vapor condensation test, human breath is applied to the surface and the nucleation pattern of breath vapor condensation imaged with the same microscope using the transmitted light microscopy mode; imaging must occur rapidly as the aqueous droplets evaporate ~10 s.
Chemicals
We use hydrofluoroether (HFE; 3M TM Novec TM 7500) as the oil phase to avoid PDMS swelling upon contact. Surfactants are also added to prevent coalescence and optimize interfacial tension for droplet formation: (a) carboxylated perfluoropolyether (PFPE; DuPont TM Krytox TM 157-FSH) after deprotonation, and nonionic fluorosurfactant (008-FluoroSurfactant from RAN Biotechnologies) for HFE, the oil phase; (b) sodium dodecyl sulfate (SDS), Tween 20, Pluronic TM F-68 (Gibco) and poly(ethylene glycol) (PEG6k and PEG35k for average MW 6000 and 35000, respectively) for the aqueous phase. For WOW emulsions, the following solutions are used: inner phase (4% (v/v) Tween 20, 4% (w/v) PEG6k, 50 mM KCl, 20 mM Tris pH 8 in water), middle phase (2% (w/w) 008-FluoroSurfactant in HFE) and outer phase (4% (v/v) Tween 20, 1% (v/v) Pluronic F-68, 10% (w/v) PEG35k in water). For OWO droplets, inner phase (HFE), middle phase (2% (w/v) SDS in water) and outer phase (2% (w/v) PFPE in HFE are used. All chemicals are purchased from Sigma-Aldrich unless noted otherwise.
Device operation and data analysis
Immediately after the chip is plasma treated for wettability patterning, solutions are loaded into plastic syringes (BD 1mL LuerLok TM syringe and 27G ½ needle) and connected to the inlets via polyethylene tubing (SCI, PE/2, ID 0.38 mm, OD 1.09 mm). Computer-controlled syringe pumps (New Era Pump Systems, NE-501) o inject fluids at controlled volumetric flow rates. Liquid filling and droplet formation are monitored on a microscope equipped with a short-shutter camera (Unibrain, Fire-i 530b). To record drop formation videos, a high-speed camera (Vision Research, Miro M110) is used. Double emulsions are collected and transferred to a chambered slide (Invitrogen, C10283) and imaged using an EVOS microscope. Droplet sizes are characterized using the measurement annotation tools provided in the microscope software.
Results and Discussion
During plasma treatment, ionized oxygen species generated by the electric field bombard the surfaces of the device, resulting in oxidation that can render natively hydrophobic PDMS surfaces hydrophilic 34, 35 . To treat channels within the device, oxygen species must diffuse into the channels through open inlet ports. To spatially guide oxidation and generate a wettability pattern, we thus implement two strategies: 1) we block inlet ports near channels we want to remain hydrophobic with tape, preventing plasma from entering them, and 2) we add diffusion barriers in the form of channel constrictions to limit diffusion of radicals from treated regions into regions we want to remain untreated. The plasma oxidation time must be chosen to obtain the desired hydrophilicity in certain regions while maintaining hydrophobicity in others. This is easiest achieved by testing each design to identify the optimal time. A schematic illustration of the plasma patterning approach is shown in Fig. 1 .
To characterize wettability patterns generated by our approach, we visualize the channels with fluorescently labeled proteins or a breath vapor condensation test. In the breath condensation test, [41] [42] [43] the vapor in human breath condenses into water droplets upon contacting the PDMS surface, forming bigger droplets in regions that are hydrophilic and smaller droplets in ones that are hydrophobic ( Fig. 2a and yellow inset) . When viewed at lower magnification, the higher scattering of the small droplets makes the hydrophobic regions appear dark due to lower light transmission, while the comparatively lower scattering of the large droplets make Generation of WOW double emulsion droplets. Generating WOW double emulsions uses serial drop makers in which the first is hydrophobic and the second hydrophilic, (a). The heights for the grey and black channels are 15 and 30 µm, respectively. The blow-up shows the region modified to be hydrophilic (blue) and a high-speed image of drop formation. Aqueous and oil introduced into the first junction form a WO single emulsion that flows into the second junction, where additional aqueous is added; this, combined with the hydrophilic wettability, leads to engulfment of the oil phase in the aqueous carrier, generating monodisperse WOW double emulsions, (b). The diameters of the inner and outer droplets exhibit narrow size distributions (c) Fig. 2b-d, upper panels. In this device (Fig. 2a, left) , the outlet and carrier-phase inlets are left open and exposed to the plasma, while the inlets (not shown) are blocked. Consequently, the plasma begins converting the regions closest to the outlet and carrier inlet to hydrophilic with a pattern that encroaches deeper into the device as the plasma oxidation time is increased (10-180 s, Fig. 2b-d, upper) . We corroborate these results by also performing a protein adsorption test with fluorescently-labeled bovine serum albumin (BSA). This protein has a net positive charge, causing it to adhere to negativelycharged plasma treated PDMS surfaces, allowing fluorescence visualization of the wettability pattern, Fig. 2b-d , lower panels. Both tests confirm that wettability becomes hydrophilic with plasma treatment and that as the treatment time increases, the plasma penetrates deeper into the device, allowing control of the wettability pattern with diffusion barriers and plasma time. In addition, the progressive nature of plasma patterning observed here shows that microplasma formation within the channel is negligible and the plasma does appear to be diffusing from the bulk chamber into the channel, which can be efficiently blocked by taping ports or slowed down by making channels narrower. While the fluorescently-labeled protein adsorption test provides good sensitivity, the breath vapor deposition test is fast and simple.
An important example in which wettability patterning is essential is the generation of double emulsions in planar microfluidic devices. 11, 15, 18, 19 Since surface wettability dictates the polarity of the emulsion formed, double emulsions comprising WO and OW droplets require two junctions with opposite wettability. 11, 18, 19 To generate WOW double emulsions, the first junction forming the WO emulsion must be hydrophobic and the second forming the OW emulsion hydrophilic. To generate this wettability pattern, we design the device with a wide, short outlet, enabling rapid diffusion of oxygen radicals into the second junction. We block the inlets for the inner and middle phases with tape (upper two ports, Fig. 3a) , and leave the carrier phase inlet and outlet exposed (lower two ports, Fig.  3a) . During plasma treatment, ionized oxygen species readily diffuse into the second junction and convert it to hydrophilic, as shown in .,  2012,  00,  1--3 This journal is © The Royal Society of Chemistry 2012
Fig. 5
Effect of plasma treatment duration on double emulsion generation. Short plasma treatment times result in channels with intermediate wettability that are unable to form double emulsions (10 s), while longer treatment times yield more hydrophilic channels that yield small, monodisperse double emulsions (60 s). While the 60 s plasma treatment wears off after ~30 min, the 180 s treatment is stable for ~3 hrs, providing longer useful operation time. Flow rates used are the same for all conditions: 80, 80 and 250 µL/hr for inner, middle and outer phases, respectively. Fig. 4 Generation of OWO double emulsion droplets. Forming OWO double emulsions requires two serial junctions like the WOW system, except that the wettability pattern must be flipped so that the first junction is hydrophilic and the second hydrophobic, (a). This leads to generation of OW droplets in the first junction that are encapsulated into monodisperse OWO double emulsions in the second junction, (b), which exhibit narrow inner and outer droplet diameter distributions, (c).
limits diffusion of radicals from the second into the first junction. By choosing an oxidation time of 1-3 min, we are able to convert the second junction to hydrophilic while maintaining the upper junction hydrophobic, thereby obtaining the wettability pattern needed for forming WOW double emulsions, Fig. 3b .
A property of our wettability patterning technique is that the wettability transitions gradually from hydrophilic to hydrophobic between the treated and untreated regions. Hence, the WO droplets generated by the first junction of our device flow over hydrophobic, then intermediate, then hydrophilic channels as they approach the second junction. As in microfluidic devices patterned with chemical methods, the ability of water droplets to flow over hydrophilic channels without coalescing on the walls depends on the properties of the solvents and surfactants that comprise the emulsion. For our fluorinated solvents and surfactants, which are valuable for performing biological assays in the emulsions, 44, 45 the WO droplets are able to flow over hydrophilic walls without wetting, allowing us to generate uniform double emulsions with standard deviation in the inner and outer droplet diameters of less than 0.95% ( = ), as shown in Fig. 3c .
Generating double emulsions of the opposite polarity (OWO) can be achieved by flipping the wettability pattern, making the first junction hydrophilic and the second hydrophobic. To make the first hydrophilic, we design another device in which the innermost inlet is wide and short, facilitating rapid diffusion of oxygen radicals into the first junction; connecting the two junctions we again use a narrow channel to limit diffusion into the second junction, as shown in Fig. 4a . To treat the device, we block the continuous and outlet ports with tape and leave the middle and inner phase inlets exposed, plasma treating for 30 s. This renders the first junction hydrophilic while maintaining the second hydrophobic, enabling generation of monodisperse OWO double emulsions, as show in Fig. 4b . The coefficients of variation for the inner and outer droplet diameters are < . % ( = ; Fig. 4c ).
An important parameter when applying plasma-based wettability patterning is choosing a treatment time that converts select regions to hydrophilic while maintaining others hydrophobic. To investigate how plasma oxidation time impacts wettability pattern, we vary treatment time of the WOW double emulsion device and test its performance (Fig. 5) . For a short treatment of 10 s, the first junction is sufficiently hydrophobic to form WO droplets, but the second is insufficiently hydrophilic to form OW droplets; instead, the middle oil phase wets the walls, causing it to flow as a parallel stream with the aqueous carrier phase, yielding no double emulsions (Fig. 5) . When we increase plasma oxidation to 35 s, we observe the generation of double emulsions; however, they are large and contain multiple water-droplets. This is due to the intermediate wettability of the second junction, which is unable to rapidly lift the oil from the walls before it moves into the expanded lower channel. Since the size of droplets formed by a drop maker is proportional to the channel size, 46 forming the double emulsions in the wide channel leads to large droplets containing many cores, as shown in Fig. 5 . When we increase the patterning time to 60 s, the outlet is made more hydrophilic, enabling immediate engulfment of the oil in the second junction and, because the channel is narrow there, generation of small double emulsions with one core, as shown in Fig. 5 . While this treatment time enables formation of monodisperse double emulsions with the desired number of cores, the wettability pattern wears off after just ~30 min. By increasing treatment time to 180 s, we are able to form the desired double emulsions while also making the device functional for ~3 hours. Increasing treatment time further does not substantially increase the lifetime of the pattern.
Plasma-based wettability patterning enables formation of WOW and OWO double emulsions. To further investigate how devices patterned with this method compare with those patterned using chemical methods, we vary the droplet generation parameters and observe the effects on the double emulsion morphology. At low-tomoderate capillary number, droplet generation in "confined" geometries is dominated by interfacial stresses and proceeds through a plugging and squeezing mechanism. [46] [47] [48] In this regime, the volumes of the droplets formed are proportional to the ratio of the inner and outer phase flow rates. When forming double emulsions using sequential droplet generators, the core droplet volume can be adjusted by varying the ratio of the inner ( ) and middle ( ) phases while holding the carrier phase ( ) and + constant. To illustrate this, we vary / and measure the corresponding change in droplet volume. The inner droplet volume increases in proportion to the flow rate ratio while the outer droplet volume remains constant, as shown in Fig. 6 . This demonstrates that the inner droplet dimensions can be adjusted independently of the other droplet dimensions by appropriately varying flow rates, in Fig. 7 Control of number of core phase drops. For the WOW double emulsion device, holding and constant while changing varies the flow rate ratio in the second junction, leading to variation of the absolute size of the double emulsions and, consequently, the number of core droplets encapsulated. The plotted values are the averages from two independent measurements. Fig. 6 Control of core droplet volume. When forming WOW double emulsions with our device, the core droplet volume (black circle, •) is proportional to the ratio of the inner and middle phase flow rates / , but the outer droplet volume (white square, □) is roughly constant. The symbols are averages and the error bars standard deviations from 15 droplet measurements. The solid line shows the best fit using the equation = + / , the expectation based on plugging droplet generation. At high ratios the outer droplet volume tracks the inner droplet volume, which is due to the inner droplet triggering the generation of the outer droplet. 17 concordance with double emulsification devices patterned using chemical techniques.
Wettability-patterned double emulsion generators enable variation of the inner droplet volume holding the outer droplet volume constant; they also enable adjustment of outer droplet volume holding inner droplet volume constant by varying the flow rate ratio in the second junction. To illustrate this, we set and constant at 50 and 65 µL/hr, respectively, and to 50 µL/hr. At these flow rates, the ratio of ( + )/ is large, yielding large double emulsions containing multiple cores, as shown in Fig. 7 . As we increase while holding and constant, we reduce the flow rate ratio in the second junction, reducing outer droplet volume and the number of cores. Interestingly, while the number of cores decreases rapidly as a function of for 50-100 µL/hr, it is roughly constant for 100-170 µL/hr. This is because at these flow rates the outer droplets are of a similar size to the inner droplets so that the inflow of inner droplets affects the generation of the outer droplets, causing the droplet cycles to synchronize so that every double emulsion contains two cores. 17 As is increased further, the outer droplets become even smaller and form more rapidly; this results in a transition flow rate in which the number of cores oscillates between 1 and 2, settling at exactly 1 core per double emulsion for > 180 µL/hr, as shown in Fig. 7 . At even higher , the generation alternates between single-core double emulsions and empty oil droplets. This demonstrates that the outer droplet volume can be varied independently of the core droplet volume, consistent with double emulsion generators patterned using chemical methods.
Conclusions
We have presented a simple and reliable method for patterning microfluidic device wettability using channel-guided plasma oxidation. Our method can pattern large arrays of droplet makers in parallel and, as we have shown, reliably yields patterns for generating monodisperse double emulsions comparable to devices patterned with more cumbersome chemical techniques. In addition, the unique ability of our method to pattern large numbers of devices in parallel should facilitate the fabrication of arrayed devices, to scaled-up double emulsification. Our method should also enable generation of complex patterns that are difficult or impossible to create with techniques requiring the injection of liquid chemicals and blocking phases. This approach can be extended to patterning microdevices made of other polymeric materials that are known to be amenable to plasma treatment for surface modification.
